Whether fear attenuation is mediated by inhibition of the original memory trace of fear with a new memory trace of safety or by updating of the original fear trace toward safety has been a long-standing question in neuroscience and psychology alike. In particular, which of the two scenarios underlies the attenuation of remote (month-old) fear memories is completely unknown, despite the impetus to better understand this process against the backdrop of enduring traumata. We found-chemogenetically and in an engram-specific manner-that effective remote fear attenuation is accompanied by the reactivation of memory recall-induced neurons in the dentate gyrus and that the continued activity of these neurons is critical for fear reduction. This suggests that the original memory trace of fear actively contributes to remote fear attenuation.
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T raumatic memories develop after the experience of grave physical or psychological harm. Such memories are extraordinarily robust and difficult to treat, with an estimated lifetime prevalence of fear-and stress-related disorders of close to 29% (1) . Despite these circumstances, little is known about how long-lasting (remote) fearful memories are stored and can be attenuated. In particular, it is unclear whether the attenuation of remote fearful memories represents an inhibition of the original trace of fear with a new memory trace of safety, a process termed extinction (2-4), or an unlearning of the original fear memory trace toward safety following memory recall, termed reconsolidation-updating (5, 6) .
To investigate this question, we visualized memory traces implicated in remote fear memory storage and attenuation by using double transgenic TetTag mice, which provide a c-fosbased labeling system of neuronal activity (7) (Fig. 1A) . TetTag mice show no difference from wild-type mice in general anxiety and overall locomotion, making them ideally suited for studying acquired fear-related behaviors ( fig. S1 ). We focused on the dentate gyrus (DG) because of its importance in the encoding (8) , recall (9, 10) , and attenuation (11) of contextual fear and because of the recently demonstrated implication of DG granule cells in fear memory retrieval by c-Fosbased engram studies (10, (12) (13) (14) .
First, we identified the cellular ensemble participating in remote (28-day-old) fear memory storage. TetTag mice were contextually fearconditioned while on doxycycline (DOX) and then taken off DOX 3 days prior to remote memory recall, which triggered lasting b-galactosidase (b-gal) expression in recall-induced neurons (Fig.  1, A and B) . Immediately after memory recall, TetTag mice were put on DOX again, and 1 day later they entered a previously described spaced extinction paradigm (15) , which successfully reduced their fearful memories ( fig. S2 ). Second, we used endogenous c-Fos expression 1 hour after the last extinction trial to identify the cellular ensemble participating in memory attenuation per se (Fig. 1, A and B) .
We then evaluated whether neurons activated by remote memory recall (b-gal + cells) became reengaged during extinction training (as indicated by c-Fos + cells) by calculating their reactivation rate, defined as the number of doublepositive b-gal + c-Fos + cells normalized to the total number of b-gal + cells. In the DG, this reactivation rate was significantly higher than chance levels in the DG, unlike in hippocampal area CA3 (Fig. 1 , B and C), which is of minimal importance for remote contextual fear retrieval (10) . Furthermore, we found a positive correlation between the reactivation rate and the degree of fear memory attenuation (expressed as D freezing, the difference in freezing between the recall and the last extinction session) in the DG but not in CA3 (Fig. 1D ). Compared with a home cage control group, the CS-US group (the group exposed to the conditioned stimulus in association with the unconditioned stimulus) showed an increased recall-induced activation rate (the number of b-gal + cells normalized to the total number of cells) in both the DG and CA3, testifying to the specificity of b-gal S5 ). These findings suggest that remote fear attenuation is facilitated as more recall-induced neurons are reactivated by the extinction paradigm.
We independently verified these findings in a different paradigm of memory attenuation by using a second mouse line and a different technique to visualize neuronal ensembles. C57Bl6/J wild-type mice were contextually fear-conditioned as before (Fig. 1E) , and 28 days later they entered a previously described massed extinction paradigm (15) , which successfully attenuated their remote fear memories ( fig. S6 ) to levels comparable to those obtained in the spaced extinction paradigm ( fig. S7 ). Then we used the intracellular spatiotemporal characteristics of immediate early gene mRNA species and cellular compartment analysis of temporal activity by fluorescence in situ hybridization (catFISH) (16, 17) to identify the neuronal populations activated during remote fear memory recall (those displaying cytoplasmic Homer1a mRNA) and during massed extinction (those displaying nuclear c-fos mRNA) (Fig. 1, E and F) . Similar to the results in the spaced extinction paradigm, the reactivation rate in the DG was significantly higher than chance levels and correlated positively with fear memory attenuation, in contrast to that in hippocampal area CA3 (Fig. 1, F to H). Compared with levels in the home cage control group, the recall-induced activation rate (the total amount of Homer1a + cells) in both areas was significantly elevated ( fig. S8 ), indicating Homer1a + labeling to be specific for memory recall. Similarly, there was no difference in the extinction learning rate (the total amount of c-fos + cells) between the DG and CA3 ( fig. S9) , and neither the activation nor the extinction learning rate correlated with fear attenuation ( fig. S10) .
Next, to test whether the sustained activity of recall-induced neurons contributes to the behavioral manifestation of fear attenuation, we used the Daun02 inactivation method (18) , which reduces neuronal excitability (19) by means of daunorubicin, a derivate converted from the prodrug Daun02 exclusively by b-gal ( Fig. 2A) . TetTag mice were fear-conditioned and b-gal + expression was triggered by remote recall as described above. Between training and recall, cannulas were stereotaxically implanted in the DG so that Daun02 could be readily administered 90 min post-memory recall (Fig. 2B) to inhibit the activity of recall-induced neurons. Then the spaced extinction paradigm was performed. Compared with vehicle-treated animals, Daun02-treated TetTag mice showed impaired fear memory attenuation in the DG (Fig. 2C ) despite displaying similar freezing at recall ( fig. S11 ). This was accompanied by a reduced number of c-Fos + cells at the completion of memory attenuation (Fig. 2,  D and E) , consistent with the time course of 4-day-long neuronal ensemble inactivation after a single Daun02 injection in other brain areas (18, 20) . In contrast, when administered in hippocampal area CA3, not characterized by reactivated recall-induced neurons after attenuation, Daun02 had no effect ( fig. S12, A and B) . Likewise, Daun02 had no effect in wild-type animals off DOX (fig. S12, C and D) ; in TetTag mice continuously on DOX ( fig. S12, E and F) ; and in TetTag mice in which recall-induced neurons from a context B, different from the conditioning context A, were inhibited ( fig. S12, G and H) .
Lastly, we tested whether the continued activation of recall-induced neurons during the extinction paradigm facilitated remote fear memory attenuation. We used single transgenic c-Fos-tTA (tetracycline-controlled transactivator) mice and virally injected the excitatory DREADD (designer receptor exclusively activated by a designer drug) hM3Dq (AAV 9 -TRE::hM3Dq-mCherry) (Fig. 3A) to activate remote memory recall-induced ensembles by clozapine-N-oxide (CNO) administration. c-Fos-tTA animals were contextually fearconditioned and stereotaxically injected with the viral constructs in the DG between training and recall, and hM3Dq expression was triggered by remote recall as described above (Fig. 3B) . To stimulate the activity of the recall-induced ensemble throughout the fear attenuation procedure, mice were administered CNO intraperitoneally on each of the spaced extinction days (Fig. 3B) . We found that in comparison with vehicle-treated animals and as corroborated by the same control groups described above ( fig. S13 ), DG-injected CNO-treated mice displayed facilitated memory attenuation (Fig. 3C) despite showing similar  freezing at recall (fig. S14 ). This facilitated fear memory attenuation was accompanied by an increased amount of extinction-induced c-Fos + cells among recall-induced mCherry + cells (Fig. 3,  D and E) .
Taken together, our data show that a subset of memory recall-induced neurons in the DG becomes reactivated after memory attenuation, that the degree of fear reduction positively correlates with this reactivation, and that consequently, the continued activity of memory recall-induced neurons is critical for remote fear memory attenuation. Although other brain areas such as the prefrontal cortex (21) and the amygdala (22, 23) are likely to be implicated in remote fear memories and remain to be investigated, these results suggest that fear attenuation at least partially occurs in memory recall-induced ensembles through updating or unlearning of the original memory trace of fear. These data thereby provide the first evidence at an engram-specific level that fear attenuation may not be driven only by extinction learning, that is, by an inhibitory memory trace different from the original fear trace, as originally proposed by Pavlov (2) and experimentally supported for recent memories by others (3, 22, 24, 25) . Rather, our findings indicate that during remote fear memory attenuation both mechanisms likely coexist (26, 27) , albeit with the importance of the continued activity of memory recall-induced neurons experimentally documented herein. Such activity may not only represent the capacity for a valence change in DG engram cells (28) but also be a prerequisite for memory reconsolidation, namely, an opportunity for learning inside the original memory trace (29) . As such, this activity likely constitutes a physiological correlate sine qua non for effective exposure therapies against traumatic memories in humans: the engagement, rather than the suppression, of the original trauma (30) . In future studies, this experimental approach may prove useful to assess boundary conditions for extinction versus reconsolidation (5, 31-33) or counterconditioning (34) in an engram-specific manner and, by extension, to gauge the efficiency of other interventions to reduce traumatic memories. . VEH-treated animals, n = 3; Daun02-treated animals, n = 6. Data are means ± SEM compared by a two-tailed, unpaired t test (**P < 0.01).
